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ABSTRACT 

This work explores the synergies during combined reactions of n-pentane (nC5) with 

oxygenates (methanol or dimethyl ether, OX). The experimental runs have been carried 

out in a packed bed reactor at 500 ºC, using a high silica HZSM-5 zeolite-based catalyst 

with different oxygenate-to-n-pentane (OX/nC5) ratios in the feed. A significant 

enhancement of the n-pentane conversion occurs for low OX/nC5 ratios in the feed (0.1-

0.25), especially when using dimethyl ether (DME). In addition, the presence of n-

pentane reduces the rate of catalyst deactivation by coking during the conversion of 

oxygenates. These results have been explained on the grounds of a mechanistic interaction 

between the reactants: (1) the fast formation of methoxy and olefin intermediates from 

oxygenates, particularly from DME, could explain the promotion of the protolytic 

cracking of n-pentane, by facilitating the activation of the alkane by hydrogen transfer 

reactions; (2) the attenuation of deactivation during the conversion of oxygenates could 

be related to a lower extent of the arene cycle in the dual-cycle mechanism (limiting the 

polymethylbenzene formation). The analyses of used catalysts by means of temperature-

programmed oxidation and confocal fluorescence microscopy have pointed out the higher 

reactivity of DME than that of methanol also for yielding coke structures. 

 

Keywords: olefins; HZSM-5 zeolite; catalytic cracking; dual-cycle mechanism; 

deactivation; coke 
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1. Introduction 

The catalytic cracking of paraffins is one of the most studied alternatives for producing 

olefins from the naphtha cut of the refineries (C5-12) [1], because it has lower energy 

requirement and higher propylene selectivity than those of the steam/thermal cracking 

[2]. Catalytic cracking is carried out over acid microporous sieves, being HZSM-5 zeolite 

the most studied due to its shape selectivity that maximizes the olefin production. 

Promising and encouraging results have been reported in the cracking of paraffins of 

relatively long carbon chains, such as C6-10 [3–5]. Nonetheless, the lightest paraffins 

contained in the naphtha (C5) or in gaseous fractions (C1-4) are much more difficult to 

crack [6]. High temperatures are recommended for promoting cracking but avoiding side 

reactions [7]. Steam catalytic cracking (SCC) has also been proposed for naphtha 

processing with enhanced selectivity to ethylene and propylene in the presence of water 

and high temperatures (up to 700 ºC) [8]. However, the high temperature and presence of 

steam could also lead to an irreversible deactivation of zeolites by dealumination, with 

the corresponding increase of the catalyst makeup [9]. 

Within the possible process modifications for activating light paraffins and promoting a 

selective cracking to light olefins, Martin et al. [10,11] proposed the so-called coupled 

methanol and hydrocarbon cracking (CMHC). The first goal was to take advantage of the 

exothermic character of the methanol-to-olefins (MTO) process in order to overcome the 

energetic requirements of the catalytic cracking. The synergies between both reactions 

were also previously observed for a feed mixture of n-butane/methanol in the temperature 

range of 500-550 ºC and low space time values [12]. The clearest evidences of C-C 

paraffinic bond activation using methanol were reported by Yu et al. [13] in experiments 

with propane and labeled carbon reactants. They saturated the HZSM-5 zeolite with 

labeled methoxy species at very controlled conditions and made them react directly with 

propane, which confirmed a promoted hydride transfer pathway between both species. 

The combined reactions of paraffins and methanol were studied aiming for the 

intensification of propylene in the methanol-to-propylene (MTP) process. A significant 

enhancement of its yield was reported by co-feeding i-butane at 470-500 ºC and full 

conversion of methanol [14]. Likewise, a positive synergy was found when the C4-6 

hydrocarbon byproducts were recirculated in the MTO process [15]. 

Coupling the reactions of paraffins and methanol means the coexistence of the two well-

established mechanisms on the same acid sites of the HZSM-5 zeolite: the carbocationic 
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mechanism of paraffin cracking [16–18] and the dual-cycle mechanism of MTO [19]. 

Chang et al. [20] related both mechanisms in combined reactions and suggested a faster 

route for the catalytic cracking of n-hexane due to the formation of intermediates from 

methanol. On the one hand, paraffin cracking mechanism follows a pathway involving 

the monomolecular cracking (via penta-coordinated carbonium ions that evolve towards 

light paraffins), the bimolecular cracking (via hydride transfer between the paraffin and 

an adsorbed carbenium ions) and the oligomerization-cracking (toward higher 

hydrocarbons and finally coke) [16,21,22]. On the other hand, in the dual-cycle 

mechanism of oxygenates, the methylation/β-scission of the olefin primary products 

(alkene cycle) is coupled with the methylation/dealkylation of methylbenzenes (arene 

cycle) through hydrogen transfer and cyclization pathways [19,23,24]. In this case, the 

formation of coke takes place from two different stages [25,26]: (i) the evolution of 

methylbenzene intermediates towards polyaromatic structures of coke and (ii) the olefin 

cyclization and condensation, which requires a high development of the first stage. Then, 

the acid properties (density and strength of the sites) and topology of the catalyst have a 

strong influence on the extent of each stage [27,28]. In this regard, HZSM-5 zeolite favors 

the diffusion of these methylbenzenes, thus allowing the two stages of coke formation to 

be distinguished [26]. 

Traditionally, dimethyl ether (DME) has been considered in thermodynamic equilibrium 

with methanol, assuming similar reactivities for both in the MTO process. Nonetheless, 

different studies have demonstrated that DME is more reactive than methanol [29]. 

Indeed, in-situ IR measurements pointed out its faster ability to form methoxy species, 

attributed to its higher affinity towards the Brønsted acid sites [30,31]. Despite the 

discrepancies in the literature about the formation of the first C-C bond, Li et al. [32] 

reported that DME reacts faster than methanol with methoxy species, forming methoxy-

methyl cation intermediates. Moreover, this is applicable to the reaction of methoxy 

species from DME with other hydrocarbon, as was observed for the methylation of 

benzene [33]. The reactivity of DME presents a renewed interest in the context of its 

transformation into olefins (DTO, dimethyl ether-to-olefins process) [34]. 

In this work, we have analyzed the combined reactions of n-pentane with methanol or 

DME, comparing the reactivity of both oxygenates. Our aim is to progress towards the 

understanding of the advantages of co-feeding paraffins (n-pentane) and oxygenates, 

linking the mechanisms that drive their individual reactions. For this, a catalyst with a 



5 

 

hierarchical framework based on a high silica HZSM-5 zeolite embedded in a mesoporous 

matrix of γ-Al2O3 has been used. The benefits of coupling paraffin and oxygenate 

conversions on the activation of the n-pentane (selected as the lightest and less reactive 

compound in naphtha) and on the attenuation of coke formation from oxygenates have 

been studied by comparing the reactivity of individual and combined reactions in a packed 

bed continuous reactor at 500 ºC. The effect of the oxygenate-to-paraffin ratio in the feed 

on conversion, product distribution and on their evolution with time on stream is 

discussed. 

 

2. Experimental 

2.1. Catalyst preparation 

HZSM-5 zeolite-based catalyst was synthesized by an agglomeration procedure using 

pseudoboehmite (Sasol Germany) as a binder and a colloidal dispersion of α-Al2O3 (Alfa 

Aesar, 22 wt %) as inert filler (30 and 20 wt% in the final catalyst, respectively). The 

commercial zeolite (Zeolyst International) with a Si/Al ratio of 140 was homogeneously 

mixed with the other components and then, extrudates of the resulting slurry were 

prepared. These extrudates were dried at room temperature for 12 h and afterwards at 

110 ºC in a vacuum-dryer for 2 h. The agglomerates were sieved to a catalyst particle size 

between 0.125 and 0.3 mm and then calcined at 575 ºC for 2 h, reaching the final 

temperature at a heating rate of 5 ºC min-1. During the thermal treatment, pseudoboehmite 

is converted into a mesoporous γ-Al2O3.  

The selection of the HZSM-5 zeolite with high Si/Al ratio was motivated by the purpose 

of reducing the catalyst acid site density. In this way low n-pentane conversions were 

attained, which enabled quantifying the effect of co-feeding methanol and DME. In 

addition, we aim at reaction conditions and catalyst characteristics that minimize the 

extent of the arene cycle during the transformation of oxygenates [35]. The agglomeration 

of the zeolite provides the catalyst particles with the required mechanical resistance, as 

well as with a porous structure that favors the diffusion of coke precursors outside the 

zeolite channels [34]. 

2.2. Catalysts characterization 

The porous texture of the fresh and used catalysts was characterized by means of N2 

adsorption-desorption isotherms at -196 ºC in a Micromeritics ASAP 2010 apparatus. 
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From the isotherms, the specific surface area was calculated using the BET equation 

(SBET), the micropore volume (Vmicr) and external surface area (Sext) were calculated by 

applying the t-plot method and the mesopores volume (Vmes) was estimated by difference 

with the total adsorbed volume during the experiments. 

The acidity of the catalyst was estimated through adsorption-desorption of the base-probe 

molecule tert-butylamine (tBA), in a Setaram TG-DSC calorimeter. Samples were 

pretreated at 550 ºC in He for 2 h before adsorption of tBA, which was carried out at 

100 ºC. After saturation, physisorbed tBA was swept with He and then, a temperature-

programmed desorption was carried out, raising the temperature up to 500 ºC using a 

heating rate of 5 ºC min-1. The calorimeter was coupled to a mass spectrometer in which 

the signal of butene was monitored (m/z = 56). Butene is the main product of tBA 

cracking during the TPD experiments, and therefore these experiments allow measuring 

the hydrocarbons cracking capability exhibited by the catalysts. 

Table S1 shows the main textural parameters and total acidity of the zeolite and the fresh 

catalyst. As expected, the dilution of the zeolite in the mesoporous matrix leads to a 

decrease in the SBET surface area and total acidity, whereas the mesopore volume and 

external surface of the catalyst are higher than those of the zeolite. 

The amount, nature and location of coke on the used catalysts were measured by 

thermogravimetric analysis during temperature-programmed oxidation experiments (TG-

TPO) in a TGA Q5000 IR thermobalance from TA Instruments. Prior to the analyses, 

samples were submitted to a sweeping stage in N2 during 30 min at the reaction 

temperature in order to remove the adsorbed species within the catalyst pores. After 

cooling the sample down to room temperature, the TPO experiments were performed in 

air by raising the temperature up to 550 ºC at a temperature rate of 5 ºC min-1, and 

maintaining it isothermal during 2 h. 

The morphology of the used catalysts was studied by confocal fluorescence microscopy 

(CFM) in a ZEISS LSM 800 Microscope, provided with a turbo pumped chamber, a 

motorized stage and multialkali, GaAsP and Airyscan detectors. The microscope is also 

provided with three excitation channels with diode lasers at 405, 488 and 561 nm, making 

the samples emit fluorescence in the wavelength of blue, green and red ranges, 

respectively. The used accelerating voltage was 20 kV. Brightness and contrast were 

equally set for all samples in order to compare the intensity of emitted fluorescence with 

the surface concentration. Images were formed by stacking 10-20 raw images samples of 
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different z axis corresponding to 0–50 µm deep on the particle surface. Reflection images 

of the samples were also obtained, for which particles were submitted only to the 405 nm 

laser and the reflected beam was collected by the detector. 

2.3. Experimental runs 

Experimental runs of n-pentane (nC5) catalytic cracking, methanol (MeOH) and dimethyl 

ether (DME) conversion, as well as the combined reactions of nC5 and oxygenates, were 

carried out in a stainless steel packed bed reactor (PID & Tech) heated by a cylindrical 

ceramic oven. The equipment was provided with mass flow controllers for feeding inert 

gases and DME, a HPLC pump (Gilson) for feeding MeOH and a syringe pump (up to 

100 mL of maximum volume, Hardvard) for feeding nC5. Catalyst particles were mixed 

with inert SiC with a sieved particle size of 0.5–0.6 mm in order to ensure isothermal 

conditions and constant catalytic bed height during the experiments. Before reactions, the 

catalyst was submitted to a pretreatment at 550 ºC during 2 h in a continuous flow of air 

for sweeping water and possible impurities located within the zeolite pores. The reactions 

were carried out using the following conditions: 500 ºC; total pressure of 1.5 bar; space 

time of 1.0 gcatalyst h molC
-1 and time on stream up to 15 h. The partial pressure of the C-

containing reactants was 1.0 bar (diluted in N2) in both individual and combined 

reactions. Different mixtures of oxygenates and nC5 were used in the combined reactions. 

The used oxygenate-to-nC5 molar ratios (OX/nC5) were 0.1, 0.25 and 1. The flow rates 

of each reactant were set and the N2 flow rate and catalyst weight varied in each reaction 

in order to perform the runs with the same space time (in contained C units) and partial 

pressure of C-containing reactants. 

The reactor was connected to a gas chromatograph (Agilent 3000A MicroGC) for the on-

line identification of the reaction products. The gas chromatograph was provided with 

four columns in which the following products are identified: (i) MS-5 column, CH4 and 

CO; (ii) Porapak Q column, CO2, DME and water; (iii) Al2O3 column, C2−5 paraffins and 

olefins; (iv) Stabilwax column, C6−8 hydrocarbons, methanol and BTX aromatics. 

Experimental runs were monitored by following different reaction indexes (conversion, 

selectivity and yields), whose definitions and equations are detailed in Table S2. At least 

three runs of all experiments were performed in order to ensure reproducibility. The 

relative error in all cases was lower than 3%, applied to all figures of the manuscript. 
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3. Results and discussion 

In this section, the results of combined reactions of n-pentane (nC5) with methanol 

(MeOH) or dimethyl ether (DME) are compared with those of the individual reactants. 

First, an evaluation of the synergetic effect that leads to the activation of nC5 is made 

(section 3.1), followed by a study of the attenuation of catalyst deactivation by coking 

from oxygenates (section 3.2). These effects are discussed based on the proposed 

mechanism for each reaction, the relation between both of them and the deposition of 

coke. 

3.1. Activation of n-pentane catalytic cracking by oxygenates 

Figure 1 shows the initial nC5 conversion when MeOH or DME were co-fed with 

different molar OX/nC5 ratios at 500 ºC and a space time of 1.0 gcatalyst h molC
-1. Under 

these conditions, the individual reaction of nC5 shows a conversion of ca. 7%. This nC5 

conversion increases up to ca. 9.5 and 8.5% for MeOH/nC5 molar ratios of 0.1 and 0.25, 

respectively. However, the use of a MeOH/nC5 ratio of 1 leads to a decrease in the nC5 

conversion to values of ca. 4%. When DME is co-fed with DME/nC5 ratios of 0.1 and 

0.25, the increase in the achieved nC5 conversion is higher than those obtained with 

MeOH. A small improvement of the nC5 conversion is even observed with a feed 

consisting of a DME/nC5 ratio of 1. These results are attributed to the catalytic conversion 

of nC5 and not to thermal or matrix effects. In a previous experiment with the mesoporous 

matrix but without zeolite at this temperature (not shown in Figure 1), a negligible nC5 

conversion was observed (< 1%) with non-significant production of olefins. 

Initial nC5 reaction rates can be calculated from the low conversion values and 

considering the weight hour space velocity (WHSV) of nC5 (Eq. S5 in Table S2). Figure 

S1 depicts the corresponding values of nC5 reaction rate for the experiments in Figure 1. 

The enhancement of nC5 reactivity is evidenced when co-feeding OX/nC5 ratios of 0.1 

and 0.25. The trend is similar to that observed in terms of nC5 conversion, with a better 

improvement of the nC5 reaction rate in the case of DME. Nonetheless, the rate of the 

paraffin reaction is not improved with any of the oxygenates at OX/nC5 ratio of 1. 
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Figure 1. Effect of co-feeding different MeOH/nC5 and DME/nC5 ratios on the initial 

nC5 conversion (500 ºC, 1.0 gcatalyst h molC
-1) 

 

The reaction mechanism of n-paraffin cracking catalyzed by acid zeolites has been 

thoroughly studied [18] and it is generally accepted that the sites involved are the 

Brønsted acid sites of the zeolite, and the intermediates are carbenium and carbonium 

ions. In the absence of more reactive olefins in the feed, the initial activation of the alkane 

occurs by the protonation of its C-H or C-C bonds and involves the formation of a penta-

coordinated carbonium ion [6,36]. In a second step, a carbenium ion is formed by 

dehydrogenation or by protolytic cracking of the absorbed carbonium, yielding H2 or a 

smaller paraffin, respectively. The carbenium ions formed may participate in the 

propagation step by hydride transfer with the feed molecules and further reaction of the 

new formed carbenium ions. It can also desorb as an olefin, thus restoring the original 

Brønsted acid site in a final termination step. Under conditions of high temperature, low 

alkane partial pressures and/or low alkane conversions, the desorption of the carbenium 

ion as an olefin is favored over hydrogen transfer reactions [16] and olefin to paraffin 

molar ratios close to 1 could be expected. This is indeed the case in the individual reaction 

of nC5, in which the overall olefin-to-paraffin (O/P, defined in Eq. S10 in Table S2), 

ethylene-to-ethane and propylene-to-propane ratios are close to one (Table S3). The 

activation of the paraffin on a Brønsted acid site is a highly demanding step, and the 

addition of oxygenates could increase its reaction rate [13]. Under our reaction conditions, 

n-pentane cracking rate is increased at low concentrations of the oxygenate (OX/nC5 ratio 
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≤ 0.25, see Figure S1), in good agreement with the observations of paraffin activation 

made by Chang et al. [20]. The O/P ratios of Table S3 for the combined reactions also 

suggest that the product distribution is similar to that obtained in the individual reaction 

of nC5. Nevertheless, the O/P ratio is higher when the OX/nC5 ratio of 1 is used in the 

feed, being the product distribution comparable to those of the individual reactions of 

MeOH and DME. This result could indicate that in these cases the reaction mechanism is 

dominated by the MTO mechanism independently on the presence of nC5. 

We hypothesize that higher concentrations of MeOH or DME favor the interaction of the 

adsorbed methoxy species with the gas phase oxygenates instead of their reaction with 

the alkane. In contrast, their presence seems to reduce the activation barrier of n-pentane 

at low partial pressures. Despite the lower concentration of oxygenates in the feed, they 

will be preferentially adsorbed, due to the lower relative energy of the methoxy species 

formed in this way as compared to the carbonium ion formed by protonation of the alkane 

[37,38]. Taking the catalytic cracking mechanism into account, the presence of low 

amounts of methoxy species derived from the addition of MeOH or DME may be 

promoting the activation of the paraffin in two ways. On the one hand, the H transfer from 

a fed alkane to the adsorbed methoxy would lead to a pentenium ion and methane. On the 

other hand, small amounts of propylene formed by the reaction of the adsorbed methoxy 

species with gas phase oxygenates would be easily protonated by the Brønsted acid sites 

forming a propenium ion. In both cases, the carbenium ion formed would initiate the 

propagation cycle of the cracking mechanism by hydrogen transfer with the n-pentane 

molecules in the feed, as described by Yu et al. [13], as well as possible olefin alkylation-

cracking reactions. Under the same conditions, DME has been reported to be more 

reactive than MeOH due to the formation of methoxy intermediates in higher amount 

[29,39]. Assuming that the degree of nC5 converted is related to the methoxy 

intermediates formed from oxygenates, the higher nC5 conversion co-feeding DME 

(Figure 1) could be attributed to the faster formation of these intermediates, following 

any of the two above mentioned routes. 

The effect of co-feeding oxygenates on the olefin selectivity is also studied by defining a 

specific index that allows the quantification of the selectivity to olefins in terms of fed 

nC5 (Eq. S8 in Table S2). The increment of the selectivity to each olefin is depicted in 

Figure 2 at those conditions previously described for Figure 1. As expected, positive 

increments are only observed in the cases in which the nC5 conversion was improved. 



11 

 

Interestingly, the increase in the selectivity to olefins is higher using a MeOH/nC5 ratio 

of 0.25 in the feed than that using 0.1 (Figure 2a) despite the lower nC5 conversion 

registered (Figure 1). Nonetheless, the highest increment of the selectivity (especially 

propylene) is observed when co-feeding a DME/nC5 ratio of 0.1 (Figure 2b), thus 

coinciding with the highest nC5 conversion. Taking into account the olefin distribution of 

the individual reactions in Figure S2, the increase in the selectivity to olefins by the 

presence of oxygenates should lead to higher butenes selectivity, due to possible olefin 

alkylation-cracking events within the zeolite crystals. However, under the conditions of 

maximum nC5 conversion obtained when co-feeding DME in a DME/nC5 ratio of 0.1, the 

presence of the oxygenate does not only enhance the nC5 conversion but propylene is also 

the main product. This could be explained by a larger contribution of the paraffin to the 

production of olefins, as the product distribution obtained by cracking pure nC5 is clearly 

dominated by propylene (Figure S2). 
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Figure 2. Effect of co-feeding different (a) MeOH/nC5 and (b) DME/nC5 ratios on the 

increments of the total and individual selectivity of olefins in terms of fed nC5 conversion 

(500 ºC, 1.0 gcatalyst h molC
-1) 

 

3.2. Attenuation of catalyst deactivation and coke deposition in the conversion of 

oxygenates by n-pentane 

Figure 3 shows the evolution with time on stream of the nC5 and MeOH conversions 

during the individual and combined reactions using MeOH/nC5 ratios of 0.1 (Figure 3a) 

and 0.25 (Figure 3b) in the feed, the conditions that lead to enhanced nC5 conversion. In 

the combined reaction, the overall and nC5 conversions are stable with time in the studied 

range, being the alkane conversion values higher in the presence of the MeOH than those 

obtained when reacting nC5 alone. Full MeOH conversion is also observed in all cases 

during these 6 h runs in the combined reactions, whereas the one in the individual reaction 

significantly decrease after 3 h on stream. 
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Figure 3. Evolution with time on stream of the overall, nC5 and MeOH conversions in 

individual (hollow symbols) and combined reactions (filled symbols) with MeOH/nC5 

ratios of (a) 0.1 and (b) 0.25 (500 ºC, 1.0 gcatalyst h molC
-1) 

 

The improvement of the stability of the catalyst observed in the case of the combined 

reaction with MeOH is more remarkable in the case of DME (Figure 4). A drastic activity 

loss is observed after 2 h of full conversion in the individual reaction of DME. At the high 

used temperature, required for nC5 cracking, the mechanism of coke formation is 

probably dominated by the condensation of olefins on the acid sites. And the higher 

reactivity of DME than that of methanol [40,41], which implies a high capacity for olefins 

production, can presumably favor the faster development of coke species. Moreover, the 

role of water in the attenuation of catalyst deactivation is well-established during the 

conversion of methanol/DME [42,43], and its concentration is expected to be lower when 
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DME is fed. The reduced diffusion limitations of the HZSM-5 based catalyst could also 

play a role in this faster catalyst deactivation by coking using DME. Chen et al. [44,45] 

proved that diffusion limitations using SAPO-34 were more pronounced for DME than 

for methanol and had a strong influence on the evolution of coke growth. This diffusion 

limitation with SAPO-34 can explain the observations of Li et al. [46], who reported a 

faster deactivation when DME was fed. 

After 4 h, only COx and CH4 are observed as a consequence of the thermal degradation 

of DME (ca 15% of conversion). However, full DME conversion is achieved for 6 h when 

it is co-fed with nC5, with no apparent catalyst deactivation. Hence, the presence of the 

alkane in the reaction medium plays a key role in the deactivation rate of the DME 

conversion (see Figure 4a and 4b for DME/nC5 ratios of 0.1 and 0.25, respectively). Two 

synergetic effects can be deduced from the results obtained on these combined reactions 

of nC5 with DME. On the one hand, nC5 conversion increases as compared to its 

individual reaction and this higher conversion degree is stable during, at least, 6 h on 

stream. On the other hand, the stability of oxygenate conversions is ostensibly improved, 

thus shifting from a pronounced activity loss in the absence of nC5 to an inappreciable 

deactivation within 6 h on stream in the combined reactions. 
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Figure 4. Evolution with time on stream of the overall, nC5 and DME conversions in 

individual (hollow symbols) and combined reactions (filled symbols) with DME/nC5 

ratios of (a) 0.1 and (b) 0.25 (500 ºC, 1.0 gcatalyst h molC
-1) 

 

The same partial pressure of C-containing reactant in the feed was used for all the 

experiments described up to now. However, the partial pressure of each reactant is also 

varied when changing the OX/nC5 ratio. Reducing the partial pressure of the oxygenate 

has been reported to decrease the catalyst deactivation rate during its individual 

conversion into hydrocarbons [39]. Thus, the effect of the reactant dilution with an inert 

(N2) was studied in order to discard the role of nC5 as diluting agent. Figure S3 depicts 

the evolution of MeOH (Figure S3a) and DME (Figure S3b) conversions for three 

different experiments: individual oxygenate reaction (partial pressure of 1.0 bar), 

combined reaction of nC5 and the oxygenate (0.8 and 0.2 bar, respectively) and individual 
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reaction of the oxygenate (0.2 bar). By diluting the oxygenate with N2 down to a partial 

pressure of 0.2 bar, the initial MeOH and DME conversions and the deactivation rate 

decrease (note the decrease in the conversion decay slope) as a consequence of their lower 

partial pressure. Especially in the case of DME, the final activity of the catalyst after 6 h 

is similar for both individual DME reactions despite the differences in the catalyst 

deactivation profile. Please note that apart from the faster decay of the conversion at the 

used conditions for the combined reactions, a strict comparison between deactivation 

rates should not be performed due to the catalyst working at full conversion for MeOH 

and DME at 1 bar. These results are far from the surprising stability of the oxygenate 

conversion registered when they were co-fed with nC5 (Figures 3 and 4). 

Therefore, the improvement observed when co-feeding nC5 cannot be only attributed to 

a dilution effect. The attenuation of catalyst deactivation could be explained by the 

competitive adsorption of both reactants on the acid sites and by the participation of the 

paraffin in the dual-cycle mechanism of oxygenates. Regarding this mechanism over 

HZSM-5 zeolites, many factors such as Si/Al ratio, Al location or crystal size can affect 

the selectivity and catalyst lifetime [47]. Svelle et al. showed that the hydrocarbon pool 

mechanism applicable to the MFI porous structure does not involve the highest 

methylbenzenes (hexa- and heptamethylbenzenes), which are unreactive species and the 

main responsible for the formation of coke [35]. The continuous methylation of these big 

intermediates on the acid site of the HZSM-5 zeolite leads to the blockage of the pores 

due to their transformation into polyaromatic coke [48]. This effect is also named 

“overloading”, and can be mitigated by diminishing the acid site density [49,50]. Hence, 

the reduction of the number of available sites due to the competitive nC5 adsorption 

attenuates the rate of catalyst deactivation. Nonetheless, the adsorption heat values of 

methanol and nC5 were found to be ca. -115 [51] and ca. -62 kJ mol-1 [52], respectively. 

And according to these values, n-pentane adsorption will unlikely compete to that of 

methanol. 

This suggests that a synergistic effect between the mechanisms of both reactants may be 

taking place. Arora et al. [53] reported the important role of H2 co-fed with methanol at 

high pressure in the attenuation of coke formation. A nC5 cracking-dominated mechanism 

would lead to a potential production of H2 (through protolytic cracking), which could 

contribute to deactivation delay. However, the favored adsorption heat values of methanol 

suggest that the overall mechanism should be dominated by the formation of methoxy 
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species and a subsequent activation of the paraffin. Furthermore, the nC5 conversion in 

Figure 1 is in the 10% range, whereas full conversion of methanol and DME are found 

in most cases. All in all, the presence of H2 should not be expected to play a key role in 

the catalyst stability despite it could be beneficial. 

The direct participation of nC5 on the dual cycle mechanism and then, on the formation 

and evolution of coke from the oxygenates, could also explain the attenuation of the 

deactivation. The relative contribution of the alkene and arene cycle depends on the 

catalyst properties and the reaction conditions [54]. A detailed evolution of the yields of 

products for the combined reactions of MeOH/nC5 and DME/nC5 are illustrated in 

Figures S4 and S5, respectively. In addition, the same results are provided in Figure S6 

for the individual reactions at the partial pressure corresponding to an OX/nC5 ratio of 

0.25 (conditions of Figure S3). As expected, the increase in the OX/nC5 ratio leads to 

higher yields of olefins, C5+ hydrocarbons and aromatics, whereas higher concentrations 

of nC5 in the feed increases the yields of paraffins. This is related to the domination of 

the dual cycle mechanism of oxygenates when the OX/nC5 ratio is high enough. The 

comparison of the results using an OX/nC5 ratio in the feed of 0.25 with those of the 

individual reactions points out some interesting variations in the product distribution. The 

presence of nC5 in the feed reduces the yields of ethylene from ca. 2.5 (MeOH) and ca. 

7.5% (DME) to ca. 2% in the combined reactions, and the one of BTX aromatics from 

ca. 3 (MeOH) and ca. 6% (DME) to ca. 0.5 (MeOH) and ca. 1.5% (DME). Moreover, the 

production of C5+ hydrocarbons is almost suppressed in the combined reactions, from ca. 

8 (MeOH) and ca. 20% (DME) in the individual reactions to ca. 1 (MeOH) and ca. 2% 

(DME) in the combined ones. This suggests that the presence of nC5 could promote the 

cracking pathway of the alkene cycle in the dual cycle mechanism. Thus, the subsequent 

cyclization and aromatization of the alkene to coke species would be inhibited. The 

increase in the C2-3 saturated compounds from ca. 0.5 (MeOH and DME) in the individual 

reactions to ca. 6.5 (MeOH) and ca. 3.5% (DME) in the combined ones also suggests this 

promoted cracking pathway. 

Figure 5 shows the evolution with time on stream of the O/P ratio for combined reactions 

of nC5 with MeOH (Figure 5a) and DME (Figure 5b). This ratio can also give 

information about the relative contribution of each cycle during the conversion of 

MeOH/DME into olefins. The O/P ratio is slightly higher in the case of the individual 

nC5 reaction than that obtained in the combined reactions with MeOH/nC5 ratio of 0.1 in 
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the feed (Figure 5a). Nonetheless, the use of MeOH/nC5 and DME/nC5 (Figure 5b) ratios 

lower than 0.25 in the feed leads to stable values of O/P ratio and similar to the ones 

expected for the catalytic cracking of paraffins (cracking-dominated dual cycle 

mechanism). An increase in the OX/nC5 molar ratio in the feed leads to a linear increase 

of the O/P ratio over time on stream. Zhang et al. [55] associated the increase in olefin 

production with a propagation of hydride transfer pathway that increases the contribution 

of the arene cycle of the dual-cycle mechanism. Then, the increase in the olefin selectivity 

should go in parallel with the formation of polyalkylaromatics and a faster deactivation. 

In contrast, low O/P ratios would suggest a higher contribution of the alkene cycle, 

observed with low OX/nC5 and could explain the steady conversion of oxygenates over 

time on stream. 
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Figure 5. Evolution with time on stream of the olefin-to-paraffin ratio in combined 

reactions with different OX/nC5 ratios using (a) MeOH and (b) DME in the feed (500 ºC, 

1.0 gcatalyst h molC
-1) 

 

Figure 6 schematizes the possible contribution of the nC5 in the dual cycle mechanism 

of oxygenates (OX). As introduced by Bjørgen et al. [19], and later refined by other 

authors [56,57], the mechanism is based on the alkene and arene cycles in which the 

intermediates (IAlk and IAr, respectively) are methylated, being both cycles interconnected 

by the hydrogen transfer pathway. Olefins (O) can be produced by the cracking of the IAlk 

or the dealkylation of the IAr. At MTO conditions, the arene cycle is promoted, which 

maximizes the olefin production but also the formation of coke species (see Figure 6). 

According to our results at the optimal co-feeding conditions, nC5 cracking could be 

promoting the cracking pathway of the alkene cycle, and then minimizing the formation 

of the arene cycle intermediates and their evolution to coke structures. The hydrogen 

transfer between the paraffin and the intermediates could be substituting the one between 

both cycles of the mechanism, while activating the cracking of the nC5. This cooperative 

effect is also beneficial in energy terms, as the methylation of olefins is an exothermic 

step (red lines), whereas the cracking of paraffins is endothermic (blue lines). 
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Figure 6. Proposed possible integration of the paraffin catalytic cracking into the dual 

cycle mechanism of oxygenates 
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A similar attenuating effect related to coke deposition and catalyst lifetime was previously 

reported for the combined reactions of bio-oil (a mixture of oxygenates and water) and 

vacuum gas oil (VGO, a mixture of hydrocarbons) [58,59]. In these cases, the lower coke 

deposition and its lighter nature were attributed to hydrogen transfer reactions between 

the hydrocarbons present in the VGO and the coke precursors, which reduce the rate of 

their evolution toward polyaromatic structures. Thus, the coke deposited during the 

combined reactions of nC5 with oxygenates was investigated in order to analyze how 

these synergetic effects affect its formation. 

After reaction, the catalysts were characterized by means of TG-TPO analysis. Figure 7a 

shows the TG-TPO profiles of the catalysts used in the combined reactions of nC5 and 

MeOH. The content of coke increases upon increasing the MeOH/nC5 ratio in the feed. 

Negligible values are registered for the individual reaction of nC5 (0.2 wt%), and the 

combined reactions with MeOH/nC5 ratios of 0.1 and 0.25 (0.6 and 0.8 wt%, 

respectively). However, the content of coke increases to 3.0 wt% when increasing the 

MeOH/nC5 ratio up to 1, being 7.6 wt% the content of coke obtained in the individual 

reaction of MeOH. The promotion of coke formation is more evident when co-feeding 

DME instead of MeOH (Figure 7b), and values of 0.8, 2.1 and 9.3 wt% are registered for 

DME/nC5 ratios in the feed of 0.1, 0.25 and 1, respectively. The maximum content of 

coke is registered for the individual reaction of DME, with a value of 16.8 wt%. 
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Figure 7. TPO profiles of used catalyst in the individual and combined reactions of nC5 

with different OX/nC5 ratios in the feed using (a) MeOH and (b) DME (500 ºC, 1.0 gcatalyst 

h molC
-1) 

 

In all cases, the peak attributed to the coke combustion is located at 545 ºC, except for the 

individual DME reaction. Besides presenting the maximum amount of coke, a shift 

towards a lower combustion temperature (510 ºC) is observed when the catalyst was used 

in the individual reaction of DME. The combustion temperature is usually attributed to 

the location and nature of coke. In this particular case, a massive deposition of coke was 

observed along the total catalytic bed (different axial positions). This experimental 

observation, along with the aforementioned formation of COX and CH4, indicates that the 

deposition of coke is presumably taking place on the external surface of the γ–Al2O3 

matrix of the catalyst [43]. A thermal experimental run using a mesoporous γ-Al2O3 
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without zeolite confirms this hypothesis. Figure S7 shows the TPO profile of this thermal 

run in which only COX and CH4 are observed in the product stream. The TPO profile 

exhibits a neat peak located a 510 ºC, similar to that observed in Figure 7b for the DME 

individual reaction. 

Aiming for a deep characterization of the physico-chemical properties of the used 

catalyst, the results of N2 and tBA adsorption-desorption experiments are depicted in 

Table S1. The decrease in the specific surface areas (SBET) is very low (maximum 

decrease, 32 m2 g-1) for the catalysts used in the individual nC5 or combined reactions 

with OX/nC5 of 0.1 or 0.25 in the feed. This result is consistent with the stability of the 

conversion registered for these reactions. In all these cases, as well as in the individual 

MeOH reaction, the drop of mesopore volume (Vmes) is not so high (Table S1). It is 

noteworthy that the low content of coke deposited on the catalyst used in the individual 

nC5 reaction should be located within the zeolite crystals, thus leading to a decay of the 

micropore volume percentage. However, decreases in the external surface area (Sext) are 

more significant in samples exposed to a reactant mixture with an OX/nC5 molar ratio of 

0.25. This suggests that at this point coke from MeOH or DME starts depositing on the 

catalyst external surface of the mesoporous matrix [43,60]. Minimum values of SBET, Sext 

and Vmes are observed in the catalyst used in the individual reaction of DME. The result 

is in good agreement with the large coke deposition and the fast deactivation observed in 

this reaction. Similar trends are observed when correlating the coke content and the 

acidity of the used catalyst. A faster and more pronounced decay of the remaining acidity 

is observed upon increasing the amount of co-fed DME as compared to that of co-feeding 

MeOH. 

Used catalysts were also characterized by means of confocal fluorescence microscopy 

(CFM), a technique used for the detection of different domains in a catalyst particle after 

an impregnation with fluorescent probe molecules [61]. Interestingly, some coke species 

such as conjugated dienes show autofluorescence under the applied laser conditions. 

Figure 8a shows the CFM image of a catalyst particle used in the individual nC5 reaction. 

Clearly differentiated domains are observed with higher intensity than the main 

background of the particles that correspond to the zeolite crystals where the coke is 

primarily formed within the micropores [60], which is consistent with the reduced Vmicr 

and the preserved Vmes determined for this sample (Table S1). Nevertheless, the presence 
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of a fluorescent background could be attributed to the migration of some coke precursors 

from the crystals to the matrix previously observed in this kind of catalysts [43]. 

Figure 8b and 8c display the CFM images collected for used catalysts in the individual 

reactions of MeOH and DME, respectively. Using the same brightness and contrast scales 

as in Figure 8a, negligible fluorescence is emitted by these two samples and only the 

reflection image is observed. This could presumably be caused by the higher amount of 

coke in these samples with a more developed nature, which has a relatively low 

florescence. In any case, it can be deduced that coke formed during the conversion of nC5 

and oxygenates is different in nature due to its refractoriness and/or chemical 

composition, being the former much more fluorescent. 
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Figure 8. CFM images of used catalysts in the individual reactions of (a) nC5, (b) MeOH 

and (c) DME and in the combined reactions of nC5 and oxygenates with MeOH/nC5 ratios 

of (d) 0.1 and (e) 1 and (f) with a DME/nC5 ratio of 0.1 (500 ºC, 1.0 gcatalyst h molC
-1) 
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Interestingly, the OX/nC5 in the feed and the used oxygenate (MeOH or DME) deeply 

affects the CFM images in Figure 8. First, the increase in the MeOH/nC5 molar ratio from 

0.1 to 1 leads to a significant decrease in the autofluorescence of the samples (Figure 8d 

and 8e, respectively). This could be ascribed to a progressive change of the coke 

formation mechanism, with the one corresponding to MeOH acquiring more and more 

importance. The promotion of the arene cycle when increasing the MeOH content in the 

feed was previously discussed in section 3.1. This mechanism is the ultimate cause of 

coke formation in the dual cycle mechanism and presumably explains the loss of the 

fluorescence (coke from oxygenate). Secondly, the same amount of DME in the feed 

(DME/nC5 of 0.1) causes a more pronounced autofluorescence reduction (Figure 8f), 

which also confirms the larger capacity of DME for promoting the mechanisms of coke 

formation as compared to MeOH. 

 

4. Conclusions 

A cooperation has been observed when performing the combined reactions of n-pentane 

cracking with methanol (MeOH) or dimethyl ether (DME) at 500 ºC in the presence of a 

high silica HZSM-5 zeolite catalyst (Si/Al = 140). In the optimum proportion of n-pentane 

and oxygenate, the individual reactions of each reactant are improved due to the 

combination of some steps of the different mechanism involved in the overall process. 

The increase in n-pentane conversion for low amounts of MeOH or DME in the feed 

(OX/nC5 molar ratios of 0.1 and 0.25) can be explained by the fast formation of methoxy 

and olefin intermediates from the oxygenated reactants, which would facilitate the initial 

activation of the alkane by hydrogen transfer reactions. Under these conditions, the 

interaction between the MeOH/DME dual cycle and paraffin cracking mechanisms could 

be explained by the easier formation and higher stability of the methoxy intermediates 

from the oxygenates as compared to that of the penta-coordinated carbonium ion formed 

by direct protonation of the n-paraffin. Especially, double n-pentane conversions and 

maximum selectivity of propylene are achieved using DME rather than MeOH. Our 

hypothesis is that it may be due to the higher reactivity of DME and the increased 

production of these methoxy intermediates. When higher amounts of oxygenates are co-

fed, a decrease in the n-pentane conversion is observed. 
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During the conversion of MeOH/DME, a fast deactivation by coking occurs. The 

presence of n-pentane in the reaction medium significantly reduces the catalyst 

deactivation undergone during the individual MeOH or DME conversions, enlarging the 

catalyst lifetime. The competitive adsorption of C-containing reactants on the active sites 

could explain this result. Moreover, experimental data suggests the participation of the 

paraffin in the coke formation pathways from oxygenates, by promoting the alkene cycle 

and then, limiting the extension of the arene one. This leads to a decrease in the 

concentration of polymethylbenzenes, the main coke precursors under the studied 

conditions. The analyses of the used catalyst by means of temperature-programmed 

oxidation and confocal fluorescence microscopy point out the higher deposition of coke 

using DME because of its higher reactivity than that of MeOH. 

Our results are encouraging in order to acquire guidelines on the catalyst preparation and 

selection of the reaction conditions in such a way that the synergistic effects found in the 

combined reactions of paraffins and MeOH/DME can be potentiated. Then, they could 

be interesting for the intensification of olefin production in MTO/DTO processes, the 

valorization of oxygenates derived from biomass or the conversion of overproduced 

paraffins in conventional refinery units. 
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